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MAGNEIC RECONNETON IN LASER-PLASMA In RACTIONS
IN A BACKGROUND MAGNETIC FIELD ,.

I. INTRODUCTION

By generating large-scale (tens to hundreds of kilometers), long-lived

(several hours) ionization structures and irregularities, the natural

ionosphere and magnetosphere can be significantly disturbed by a high

altitude nuclear explosion (HANE). Since these structures and

irregularities can degrade communication systems operating in or through

the near earth space plasma, it is of utmost importance to possess a

detailed knowledge of a HANE evolution. Recently, laboratory simulations

of a HANE have been started at the Naval Research Laboratory using laser

irradiation of small solid targets.

he manner by which exploding debris plasma couples into the

background air 1s an important feature of the early time (first few

seconds) evolution of a HANE. The spatial and temporal nature of the early

tme coupling could seed the evolution and structure of later time

ionization irregularities and striations. This coupling can either by

=O11isional (particle-.particle), Larmor (magnetic), or collisionless 2

'ave-particle) decending cn the densities and temperatures of the

:ackrounc plasma. Collisionless coupling proceeds via plasma

.-2rotirtulence which in turn results from various plasma instabilities

"r' en )y the re-ative streaming between debris and air plasma. Turn-on

d i ns ' fr :o1is onless coupl!ing, in the context of' the current NRL

_t er xer'ent, :iave been derived. An important parameter in the

%lanuscriot approv:1 February T1986.

. . .. ".-

.5. .. .



, _-.. , .. .. ;- . - -. -. . - . : - ' . - 5 _. -'r; i. L . .
-  

." J. .

L- excitation of the aforementioned plasma microinstabilities is the local

magnetic field in the debris-air coupling region. If the magnetic field is

small, several of the debris-air coupling instabilities will not be

excited. As a result, in the context of laser-target interactions and

associated plasma debris characteristics, a detailed description of the

early time magnetic field evolution and morphology is important. Ref. 5qi
has summarized and discussed analytical models of magnetic field evolution

and structure in laser-plasma interactions both with and without an

externally applied magnetic field. In Ref. 6 it was shown that electron

thermal conduction near the target can be modified due to the self-

generated magnetic fields leading to preferential debris back-jetting along

the laser axis. However, since the self-generated magnetic fields are

known to be azimuthal7 about the laser axis, it is possible that field-

reversed magnetic field regions near the target could be generated in the

presence of the externally applied magnetic field perpendicular to the

laser beam axis as schematically shown in Fig. 1. Such magnetic field-

reversed configurations could then undergo reconnection and lead to a

distortion and dissipation of the local background magnetic field near the

laser-target interaction region.

In this report we investigate the conditions under which such magnetic

field-reversed configurations could undergo reconnection. In Section II,

we discuss the source of the self-generated magnetic fields and subsequent

generation of a field-reversed configuration. :n Section II, the

possibility, on hydrodynamic time scales, of driven or forced reconnection,

between radially convected self-generated magnetic fields and externally

applied magnetic fields is discussed. Such reconnection has the effect of

locally distorting and dissipating the background magnetic field topology

near the field-reversed region. Finally, in Section IV the results of this

,'" study are summarized and discussed. The implications of reconnecting

. [2

4 . . . . . . . . . . . . . .
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field-reversed regions on plasma jetting and debris coupling are also

presented.

II. SELF-GENERATED MAGNETIC FIELDS AND FIELD-REVERSED CONFIGURATIONS

T1he evolution of the magnetic field in laser-plasma interactions is

determined from Faraday's law and the generalized Ohm's lawS:

2
_[E Vx B J__ x Vp -- - (/n ()
e - nee e e n d'-n

where V is the hydrodynamic velocity, 4 is the current, E the electric

field, B the magnetic field, e the charge, ne the electron density, me the

electron mass, Pe the pressure, and R represent momentum sources through

collisions (thermoelectric, resistive, and cross-field). The terms in

brackets in eq. (1) are the various current generating sources:

the V x B is the usual electro-motive induction force, the J x B term is

the Hall effect and the Vp is due to electron pressure. Assuming

Ru.n nJ, where n is the resistivity, and inserting Eq. (1) into Faraday's

law we find that the evolution of the magnetic field B can be written, to

:owest order,

3B 2
V x V x B 2B VN x VT (2)

" - -B - eN e e

Higher order magnetic field source terms, i.e., terms like 7N x 7T in eq.e e

'2), have also been studied. Radiation pressure effects have been

neglected in Eq. (2) since they can be shown to be small for laser power

aensities I in the ablative regime (I < 1014 W/cm2). The source 7 of the

magnetic field (last term in Eq. (2)) is nonzero if TN and VT are

nonparallel and will be determined by the geometrical configuration of the

'aser-plasma interaction. A cylindrically symmetric laser beam will

produce a plasma whichi expands in the directin normal to the target plane

3
................. . ...................e.target- lane .- '.-
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and is symmetric about its expansion direction. From symmetry

considerations there can be no azimuthal density or temperature

gradients. During the laser heating of the target, it is reasonable to ,. -

assume that the dominant contribution to the source term in Eq. (1) is

derived from a temperature gradient in the radial direction and a density

gradient in the direction of the target normal. Due to the finite radial

extent of the laser beam a radial temperature gradient will exist near the

edge of the focal spot. This combination of VT and VN will generate a

magnetic field in the azimuthal direction in the form of a torus. The

self-generated magnetic field is convected radially by the hot expanding

laser plasma as shown experimentally in Ref. 7.

For very short times after the laser pulse has been terminated, i.e.,

for time scales where the hydrodynamics is not important, e.g., for

<tH - a/C - several nanoseconds for a a 1 mm, Cs - 10 cm/sec where a

is a typical target size and C. a typical sound speed (for aluminum

at t - 100 ev), the hydrodynamic response of the plasma (second term, in

Eq. (2)) can be neglected. Since the diffusive term in Eq. (2) can also be

neglected on these fast time scales one can solve Eq. (2) finding

3N 3Tf C e e
ft(t)e z (3)

eN az 3re

where we have taken the density gradient to be purely axial and the

temperature gradient to be radial. For It 4 x 10- 9 sec, Te 0.5 kev,
- = -- = 3 (rN / -z U -1 T/r e,'

1N 0T 10 - 10 cm N Ne N /z, L T OT e we
I TN e e e e

find B - G. The magnitudes of the self-generated magnetic ...-

fields as given by Eq. (3) are in agreement with those obtained using exact

solutions, 0 , Eq. (2). For a constant external magnetic field on the

:rder of 103 C, approximate magnetic fleld-reversed ccnfiguratlons can be

*' achieved as depicted in Fig. 1.

4
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III. DRIVEN MAGNETIC RECONNECTION

On hydrodynamic time scales the outward radial flow of coronal plasma ,

near the laser-target interaction region can convect the self-generated

magnetic field into the background magnetic field11'7 . The possibility of-

driven reconnection between these two magnetic fields must be considered.

This model is illustrated in Figure 2. Similar scenarios dealing with the

interaction between streaming high S plasma and stationary low 8 plasma in

magnetic-field reversed configuration have also been discussed12'13 with

regard to both space and laboratory plasmas.

With reference to Fig. 2, an expanded version of the magnetic field-

reversal region in Fig. 1, the magnetic fields defined by the self-

generated and external fields approach each other with velocity V in the x-

direction. In the vicinity of the neutral regions where B = 0 (shown in

Fig. 2 with approximate planar dimensions Axay) the magnetic fields will

2 2diffuse and reconnect (using Eq. (2)) on a time scale tR -4 rL2/nc where

Lx is the scale length of the magnetic field gradient in the neutral

region. Since 7 x B = 7B /Ax can be large in the neutral region, large
- y

currents J = (c/41)V x B in the z-direction can also be generated. Figure

3 gives approximate reconnection times as a function of Lx for several

electron temperatures Te using classical Spitzer resistivity n - 1.15x10-I

nA /2 nrI/2cm-3 Vv' and Z the
I-n A (ev) sec with Zn A - 24 - Zne~~ e -9-.

charge state. For example, for T. - 100 eV and Lx M 10 cm, z- 10-9"

sec.

"t is well 4nown that the 7 c 3 driven currents, if of sufficient

magnitude, can excite plasma microinstabilities which can increase the

classical resistivities to such an extent that the time scale for

reconnection is considerably reduced. Several candidate plasma

microinstabilities are (14 the (I) Buneman instaollity, (2) ion acoustic,

b beam-cyclotron, (1) lower hybrid drift instability, (5) modified two

5



stream, and (6) ion cyclo*rcn drift. Of these, the ion acoustic

instability and lower hybrid drift instability have received the most
attention. For the ion acoustic instability, one requires14  a relative

electron-ion drift vd

vd >v 0 - (2kBTi/me)1/ 2  (14)

for 0.2 < Te/T < 5 where

cABV v , 1" "(5) m
Vd 14 ne 4wn eAxe e

Inserting this expression for vd into Eq. (4) we find
d.

Ax8A c (mCJI/2 (6) "Ax S Axc  ~e

e B1

for excitation of the ion acoustic instability where B ,. Figure 4

displays Ax for fixed 3 and Ti as a function of the electron density ne

For example, for ne  1017 cm-3 , B 103 G, and T, = 10 eV ion acoustic

instability will be excited for neutral sheet widths Ax < 10-3 cm. Figure

5 shows AX for higher fixed magnetic fields B = 10 kG and Ti - 10,100

eV. For these stronger fields broader current sheets will lead to

excitation of "he ion acoustic instability.

Several nonlinear theories of -he ion acoustic instability have been

proposed. Sagdeev 15 has reported an anomalous collision frequency

associated with the ion acoustic instability of magnitude

V* 102 (T/TJ)(v /Ve)W

. i d . P
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with v the electron thermal veloc ity and wpe the electron plasma

frequency. Defining an anomalous resistivity by ni* - / where v is
pes

the effective collision frequency one finds for the ion-acoustic

instability

2( W-1

4 -r x 10-2TlT )(v /Ve)e 8)

Figure 6 gives the reconnection time scales assuming n rn* as given by Eq.

(8) as a function of Lx the magnetic field gradient scale length for

several electron densities and taking Te/Ti = 5 and vd/ve - 0.3. For ne =

1017 cm -3 and Lx  10-2 cm, t* 0- 11 see. This leads to an approximate

two orders of magnitude reduction in the reconnection time compared with

classical resistivity tR ' 10- sec for similar scale lengths (see Fig. 3).

In terms of the merging rate M Vin/VA where Vn is the velocity of'

field line transport in the diffusion cr neutral region and VA is the

Alfven velocity using B (.) one finds M*/M tR/t >> .

The lower hybrid drift (LHD) instability has also been invoked to

produce anomalous resistivity triggering rapid reconnection in the earth's

magnetotail 1  and theta pinch implosions 17 in laboratory plasmas. The LHD

instability can be excited with broader neutral sheet widths or

smaller 7 B-driven currenc densities. However, it nas been shown that

the "HD inscabillty is iccalized away from the neutral line and is

stabilized in the high 3 region near t.e neutral line. From tnis it i_S

inferred that LHD driven anomalous resistivity cannot nenetrate to lie

neutral line and, thus, not be effective in enhancing rates of

reconnecticn.

7
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IV. SUMMARY AND DISCUSSION

In this report we have shown that, for laser irradiances I in the

I <101 Wc-2)
ablative regime !I < 10 Wcm focussed on small solid targets magnetic

field-reversed configurations, defined by the laser-induced self-generated

, magnetic field and an externally applied magnetic field perpendicular to

the laser axis, are possible near the laser-target interaction region.
€p.

Approximate conditions under which these field-reversed regions may undergo

driven reconnection are investigated using parameters typical of the NRL

laser/HA.NE experiment. In this report we have only discussed onset

criteria for fast driven reconnection. Nonlinear simulations19 '20  of

drIven reconnection have shown that (1) magnetic field energy near the

field-reversal region is converted to particle kinetic energy, (2)

electrons and ions are preferentially heated parallel to the magnetic field

(y-direction in Fig. 2) although some heating also occurs perpendicular to

tne initial magnetic field (x-direction in Fig. 2) , and (3) electrons and

ions are accelerated perpendicular to the magnetic field (z-direction in

Fig. 2) due to inductive electric fields E associated with reconnection.

These three nonlinear effects can affect the evolution of the debris plasma

at early times near the target. Tn particular, if the background magnetic

field Is annihilated in certain regions near the target due to reconnection

with aser self-generated magnetic fields, then the electromagnetic

stabillzation criterion (which relies on large Alfven velocitie may be

nore restrictive in these regions fcr zhe turn-on of various streaming

instabilities, e.g., the magnetized ion-ion instability. Since these

effects will only occur in field-reversed regions near the target (see Fig.

) debris cupling could be asymmetric in the plane perpendicular to the

laser axis and close to the target. in addition, If electrons and ions are

heated areferentially in certain regions near t;ie target, electron

r - .
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shielding effects (which rely on large ion sound speeds) may not be as

impcrtant, e.g., the unmagnetized ion-ion instability. Finally,

preferential ion and electron accelerations, due to reconnection driven ''

nductie -. elds,- could lead to off-axis jetting back toward the

laser (out-of-page in field-reversal region in Fig. 1)..

Future studies of possible magnetic reconnection in the NRL laser/HANE

experiments will include (1) numerical MHD simulations (2) studies of

inhomogeneities along the magnetic field direction (y-direction in Fig. 2),

and ,uantitative effects on debris-air ccupling.
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Fig. 1 Schematic representation of' region near target showing self-

generated magnetic field, external magnetic field, and field-

reversed region. The target is in plane of' paper with laser

directed i4nto plane of' paper. The dimension a is approximately

101 cm.
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ALEXANDRIA, VA 22333 COMMANDER

0ICY ATTN DACS-BMT J. SHEA U.S. ARMY MISSILE INTELLIGENCE AGENCY
REDSTONE ARSENAL, AL 35809

CHIEF C-E- SERVICES DIVISION OICY ATTN JIM GAMBLE -

U.S. ARMY COMMUNICATIONS CMD
PENTAGON RM 13269 DIRECTOR
WASHINGTON. DC 20310 U.S. ARMY TRADOC SYSTEMS ANALYSIS

0ICY ATTN C- E-SERVICES DIVISION ACTIVITY
WHITE SANDS MISSILE RANGE, NM 88002

COMMANIER 01CY ATTN ATAA-SA
FRADCOM TECHNICAL SUPPORT ACTIVITY 01CY ATTN TCC/F. PAYAN JR.

DEPARTMENT OF THE ARMY OICY ATTN ATTA-TAC LTC J. HESSE
FORT MONMOUTH, N.J. 07703
OCY ATTN DRSEL-NL-RD H. SENNET COMMANDER

OCY ATTN DRSEL-PL-ENV H. BOMKE NAVAL ELECTRONIC SYSTEMS COMMAND
O1CY ATTN J.E. QUIGLEY WASHINGTON, DC 20360

01CY ATTN NAVALEX 034 T. HUGHES
:CMMANDER 01CY ATTN PME 117
U.S. ARMY COMM-ELEC ENGRG INSTAL AGY OCY ATTN PME 1'7-T
.T. HUACHUCA, AZ 85613 0lCY ATTN CODE 5011

OICY ATTN CCC-EMEO GEORGE LANE
COMMANDING OFFICER

COMMANDER NAVAL INTELLIGENCE SUPPORT CTR
U.S. ARMY FOREIGN SCIENCE TECH CTR 4301 SUITLAND ROAD, BLDG. 5
220 7TH STREET, ME WASHINGTON, DC 20390
CHARLOTTESVILLE, VA 22901 21Y A7TN MR. DUBBIN STIC '2

o'Y ATTN DRXST-30 OlCY ATT NISO.-5-
31CY ATTN CODE - 50 J. GALET

, 0MMANDER
U.S. ARMY ATERIAL DE & READINESS OMD COMMANDER
5001 I5SENHOWER AVENUE NAVAL OCCEAN SYSTEMS :ENTER
.:.XANRI:A, !A 22333 SAN DIEGO, :A 92152

J''Y ATTN DRCLDC J.A. BENDER 31:Y ATT J. FERGUSON

COMMANDER

J.S. ARMY NUCLEAR AND CHEMICAL AGENCY

'500 BACKLI^K ROAD
BLOG 2073
SPR:NGFIELD. "7A 22150

OIlY ATTN LIBRARY
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NAVAL RESEARCH LABORATORY COMMANDER
WASHING7ON, DC 203"5 AEROSPACE DEFENSE COMMAND/DC

OICY ATTN CODE 4700 S.L. OssaKow, DEPARTMENT OF THE AIR FORCE
26 CYS IF UNCLASS ENT AFB, CO 30912
(01CY IF :LASS) OCY ATTN DC MR. LONG

ATTN CODE 4780 J.D. HUBA, 50
CYS IF UNCLASS, 01CY IF CLASS COMMANDER

01CY ATTN CODE 4701 1. VITKOVITSKY AEROSPACE DEFENSE COMMAND/XPD
01CY ATTN CODE 7500 DEPARTMENT OF THE AIR FORCE
01CY ATTN CODE 7550 ENT AFB, CO 80912
01CY ATTN CODE 7580 OCY ATTN XPDQQ
OCY ATTN CODE 7551 01CY ATTN XP
01CY ATTN CODE 7555
01CY ATTN CODE 4730 E. MCLEAN AIR FORCE GEOPHYSICS LABORATORY
OCY ATTN CODE 4108 HANSCOM AFE, MA 01731
0ICY ATTN CODE 4730 B. RIPIN 01CY ATTN OPR HAROLD GARDNER
20CY ATTN CODE 2628 OICY ATTN LKB

KENNETH S.W. CHAMPION
COMMANDER OICY ATTN OPR ALVA T. STAIR
NAVAL SPACE SURVEILLANCE SYSTEM OICY ATTN PHD JURGEN BUCHAU
DAHLGREN, VA 22448 0ICY ATTN PHD JOHN P. MULLEN

01CY ATTN CAPT J.H. BURTON
AF WEAPONS LABORATORY

OFFICER-IN-CHARGE KIRTLAND AFT, NM 8711T
NAVAL SURFACE WEAPONS :ENTER 0CY ATTN SUL
WHITE OAK, SILVER SPRING, MD 20910 OCY ATTN CA ARTHUR H. GUENTHER

;ICY ATTN CODE F31 010Y ATTN NTYCE ILT. G. KRAJEI"

D IRECTOR AFTAC
STRATEGIC SYSTEMS PROJECT OFFICE PATRICK AF3, FL 32925
DEPARTMENT OF THE NAVY 010! ATTN TN
WASHINGTON, DC 20376

010! ATTN NSP-2141 AIR FORCE AVIONICS LABORATORY
010! ATTN NSSP-2722 FRED WIMBERLY WRIGHT-PATTERSON AFB, OH 45433

01-- ATTN AAD WADE HUNT
ZOMMANDER JI0! ATTN AAD ALLEN JOHNSON
NAVAL SURFACE WEAPONS :ENTER
DAHLGREN LA3ORATORY DEPUTY CHIEF OF STAFF
DAHLOREN, VA 224-4 RESEARCH, DEVELOPMENT, & AC'

D" Y A-TN CODE 0 F-I. R. 3UTLER DEPARTMENT OF THE AIR FORCE
WASH-INGTON, OC 20330

OFFICER OF NAVAL RESEARCH 01 C ATTN AFRDO "..
ARLINGTON, IA 222 .'

_ ATTN : HEADQUARTERS
C'CY ATTN CDE 6' ELECTRONIC SYSTEMS DIVSO.N
31 Y ATTN CODE 402 DEPARTMENT OF THE AIR FORCE
010! ATTN :30E J20 HANSCCM AFS, MA 01731-5000.
IC'1 ATTN CODE 21 01:Y ATTN J. DEAS

ESO/SCD- '

2.1
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COMMANDER UNIVERSITY OF CALIFORNIA
FOREIGN TECHNOLOGY DIVISION, AFSC LAWRENCE LIVERMORE LABORATORY
WRIGHT-PATTERSON AFB. OH 45433 P.O. BOX 808
OCY ATTN NIZD LIBRARY LIVERMORE, CA 94550 A
01CY ATTN ETOP B. BALLARD 01CY ATTN DOC CON FOR TECH INFO

DEPT
COMMANDER 01CY ATTN DOC CON FOR L-389 R. OTT
ROME AIR DEVELOPMENT CENTER, AFSC 01CY ATTN DOC CON FOR L-31 R. HAGEF
GRIFFISS AFB, NY 13441

OICY ATTN DOC LIBRARY/TSLD LOS ALAMOS NATIONAL LABORATORY
OICY ATTN OCSE V. COYNE P.O. BOX 1663

LOS ALAMOS, NM 8T7545
STRATEGIC AIR COMMAND/XPFS 01CY ATTN DOC CON FOR J. WOLCOTT
OFFUTT AFB, NB 68113 EOCY ATTN DOC CON FOR R.F. TASCHEK

01CY ATTN ADWATE MAJ BRUCE BAUER 01CY ATTN DOC CON FOR E. JONES
OCY ATTN NRT 01CY ATTM DOC CON FOR J. MALIK
0ICY ATTN DOK CHIEF SCIENTIST 01CY ATTN DOC CON FOR R. JEFFRIES

01CY ATTN DOC CON FOR J. ZINN
SAMSO/SK OCY ATTN DOC CON FOR D. WESTERVELI
P.O. BOX 92960 01CY ATTN D. SAPPENFIELD
WORLDWAY POSTAL CENTER
LOS ANGELES, CA 90009 LOS ALAMOS NATIONAL LABORATORY
OCY ATTN SKA (SPACE COMM SYSTEMS) MS D438

M. CLAVIN LOS ALAMOS, NM 87545
01CY ATTN S.P. GARY

SAMSO/MN 01CY ATTN J. BOROVSKY
NORTON AFS, CA 92409
,.MINUTEMAN) SANDIA LABORATORIES
01CY ATTN MNNL P.O. BOX 5800

ALBUQUERQUE, NM 97115
COMMANDER 01CY ATTN DOC CON FOR W. BROWN
ROME AIR DEVELOPMENT CENTER, AFSC 01CY ATTN DOC CON FOR A.
HANSCOM AFB, MA 01737 THORNBROUGH

1OCY ATTN EEP A. LORENTZEN OCY ATTN DOC CON FOR T. WRIGHT
OCY ATTN DOC CON FOR D. DAHLGREN

DEPARTMENT OF ENERGY OlCY ATTN DOC CON FOR 3141
LIBRARY ROOM 0-042 01CY ATTN DCC "ON FOR SPACE PROJEC,
WASHINGTON, DC 205a5 DIV
OCY ATTN DOC CON FIR A. LABOWITZ

SANDIA LABORATORIES
EARTMENT OF ENERGY rIVERMORE LABORATORY

ALBUQUERQUE OPERATIONS OFFIIE P.O. BOX 969

?.I. 30X 5400 -:VERMCRE, ZA 99550
ALSUQJERUE, NM 3" '5 O'CY ATTN DOC ZON FOR B. MUR?TY..

o01'1 ATTN DOC ION FOR D. SHERWOOD Clly ATTN DOC :ON FOR T. OCK

Eo&o, :NC. :FFICE OF MILITARY APPLICATION
LOS ALAMOS :I:S:ON DEPARTMENT OF ENERGY
.1. BoX 309 WASHINGTON, DC 20545

LOS ALAMOS, NM 355 - 4 01CY ATTN DOC CON DR. YO SONG
11 'Y ATTN DOC "ON FOR J. BREEDLOVE
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OTHER GOVERNMENT CHARLES STARK DRAPER LABORATORY, :NC.
555 TECHNOLOGY SQUARE

INSTITUTE FOR TELECOM SCIENCES CAMBRIDGE, MA 02139
NATIONAL TELECOMMUNICATIONS & INFO 01CY ATTN 0.B. CoX

ADMIN CICY ATTN J.P. GILMORE
BOULDER, CO 80303

OICY ATTN L. BERRY COMSAT LABORATORIES
LINTHICUM ROAD

NATIONAL OCEANIC & ATMOSPHERIC ADMIN CLARKSBURG, MD 20734
ENVIRONMENTAL RESEARCH LABORATORIES O'CY ATTN G. HYDE
DEPARTMENT OF COMMERCE
BOULDER, CO 80302 CORNELL UNIVERSITY
OCY ATTN R. GRUBS DEPARTMENT OF ELECTRICAL ENGINEERING
01CY ATTN AERONOMY LAB G. REID ITHACA, NY '4850

01CY ATTN D.T. FARLEY, JR.

DEPARTMENT OF DEFENSE CONTRACTORS ELECTROSPACE SYSTEMS, INC.
BOX 1359

AEROSPACE CORPORATION RICHARDSON, TX 75080
P.O. BOX 92957 OlCY ATTN H. LOOSTON
LOS ANGELES, CA 90009 O'CY ATTN SECURITY (PAUL PHILLIPS)

01CY ATTN I. GARFUNKEL
OICY ATTN T. SALMI EOS TECHNOLOGIES, INC.
O1CY ATTN V. JOSEPHSON 606 Wilshire Blvd.
O'CY ATTN S. BOWER Santa Monica, CA 90401
OICY ATTN D. OLSEN OCY ATTN C.B. GABBARD

01CY ATTN R. LELEVIER
ANALYTICAL SYSTEMS ENGINE-R:NG CORP
5 OLD CONCORD ROAD ESL, INC.
BURLINGTON, MA 01803 ;95 JAVA DRIVE

OICY ATTN RADIO SCCENCES SUNNYVALE, CA 94086
O"CY ATTN J. ROBERTS

AUSTIN RESEARCH ASSOC., INC. O*CY ATTN JAMES MARSHALL
9O RUTLAND DRIVE

AUST:N, TX 7375=3 GENERAL ELECTRIC COMPANY
,)CY ATTN ". SLOAN SPACE DIVISION
O"CY ATTN A. THOMPSON VALLEY FORCE SPACE CENTER

CODARD LD KING OF PRUSS:A PS
BERKELEY RESEARCH ASSOCIATES, INC. P.O. BOX 3555
P.O. BOX 983 PHILADELPHIA, PA -910'
BERKELEY. :A 447)' CCY ATTN M.H. BORTNER ..-

0':Y ATTN J. WORKMAN SPACE SC 'AB
"C'" ATTN
-f ATTN S. 3RE'- GENERAL ELECTR:: TECH SERVICES

'CO., INC.
BOEING COMPANY, -. HMES
-0. BOX 3"! COURT STREET

SATTLE, WA 48 -34 SYRACUSE, NY "720"
0 -Y ATTN C. KEISTER O"CY ATTN Z. M7LLMAN
GC'Y ATTN D. MURRAY
" :Y ATT 3. IALL

) CY ATTN E. KNNEY
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GEOPHYS:CAL INSTITUTE KAMAN SCENCES CORP
'jNV'HERS:TY OF ALASKA P.O. BOX 7463
FA:RBANKS, AK 99701 COLORADO SPRINGS, CO 80933

,ALL CLASS ATTN: SECURITY OFFICER) OICY ATTN T. MEAGHER
OCY ATTN T.N. DAVIS (UNCLASS ONLY)
OICY ATTN TECHNICAL LIBRARY KAMAN TEMPO-CENTER FGR ADVANCED
01CY ATTN NEAL BROWN (UNCLASS ONLY) STUDIES

816 STATE STREET (P.O DRAWER QQ)
GTE SYLVANIA, INC. SANTA BARBARA, CA 93102
ELECTRONICS SYSTEMS GRP-EASTERN DIV 01CY ATTN DASIAC
77 A STREET OICY ATTN WARREN S. KNAPP
NEEDHAM, MA 0291 OICY ATTN WILLIAM MCNAMARA

01CY ATTN DICK STEINHOF OICY ATTN B. GAMBILL

HSS, INC. LINKABIT CORP
2 ALFRED CIRCLE 10453 ROSELLE
BEDFORD, MA 01730 SAN DIEGO, CA 92121

OICY ATTN DONALD HANSEN OCY ATTN IRWIN JACOBS

ILLINOIS. UNI VRSSTY OF LOCKHEED MISSILES & SPACE CO., INC
107 COBLE HALL P.O. BOX 504i
130 DAVENPORT HOUSE SUNNYVALE, CA 94088
ZHAMPAIGN, IL 61820 OICY ATTN DEPT 60-12

(ALL CORRES ATTN DAN MCCLELLAND) OICY ATTN D.R. CHURCHILL
OICY ATTN K. YEH

LOCKHEED MISSILES & SPACE CO., :NC.
INST-TUTE FOR DEFENSE ANALYSES 3251 HANOVER STREET
1301 NO. BEAUREGARD STREET PALO ALTO, CA 94304
ALEXANDRIA, VA 22311 OICY ATTN MARTIN WALT DEPT 52-12

;1CY ATTN J.M. AE7N OCY ATTN W.L. IMHOF DEPT 52-12
OICY ATTN ERNEST 3AJER 01CY ATTN RICHARD G. JOHNSON
l'lc ATTN HANS WCLFARD DEPT 52-12
31:Y ATTN JOEL ENGSTON OCY ATTN .B. CLADIS DEPT 52-12

INTL TEL i TE-LERAH ORORA.,.I! MARTIN MARIETTA COR?
500 WASHINGTON AVENUE ORLANDO DIVISION
NUTLEY, NJ 1'''0 P.O. BOX 583

Di CY ATTN "-'-HNIAL LI3RARY -RLANDO, .L 32805
01CY ATTN R. HEFFNER

;AYCOR
''J'1 .0RREY.NA RCAD 14CDONNEL DOUGLAS ZCRPORATION
7.3. BOX 35'51 5301 BOLSA AIENUE
SAN DI-- , A i2 U7 H'NTINGTOIN 5EACH, :A 32641

" :-" ATT J . 3?PERL:NG 3" ATTN N. HARRIS
-CY ATTN J. MCULE

.JOHNS HOKNS VJI ERS:T ''fY ATTN CEORGE MROZ
APPLIEC PHYSICS LABORATORY 3V Y ATTN . OLSON
JOHNS HOPKINS RCAD IY ATTN R.W. HALPRIN
_AAREL, MD ZC"j8 0'IY ATTN TECHNIAL

*O' Y ATTN ICCUMENT 'IBRARIAN LI3RARY SERV:CES

0CY ATTN THOMAS P-TEMRA
J'-Y ATTN JOHN 1ASSOULAS
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MISSION RESEARCH CORPORATION PHYSICAL DYNAMICS, :NC.
735 STATE STREET P.O. BOX 10367
SANTA BARBARA, CA 93131 OAKLAND, CA 94610

OICY ATTN P. FISCHER ATTN A. THOMSON
OICY ATTN W.F. CREVIER 4.

OICY ATTN STEVEN L. GUTSCHE R & D ASSOCIATES
OICY ATTN R. BOCUSCH P.O. BOX 9695
OC! ATTN R. HENDR!CK MARINA DEL REY, CA 90291
OICY ATTN RALPH KILS OICY ATTN FORREST GILMORE
OICY ATTN DAVE SOWLE OCY ATTN WILLIAM B. WRIGHT. JR.
OICY ATTN F. FAJEN OCY ATTN WILLIAM J. KARZAS
OlCY ATTN M. SCHEIBE OCY ATTN H. ORY
01CY ATTN CONRAD L. LONGMIRE 0ICY ATTN C. MACDONALD
OICY ATTN B. WHITE
01CY ATTN R. STAGAT RAND CORPORATION, THE

15450 COHASSET STREET
MISSION RESEARCH CORP. VAN NUYS, CA 91406
1720 RANDOLPH ROAD, S.E. 01CY ATTN CULLEN CRAIN
ALBUQUERQUE, NM 87106 OICY ATTN ED BEDROZIAN

OICY R. STELLINGWERF
OIY M. ALME RAfTHEON CO.
01CY L. WRIGHT 528 BOSTON POST ROAD

SUDBURY, MA 31776
MITRE CORP 0iCY ATTN BARBARA ADAMS
WESTGATE RESEARCH PARK
1320 DOLLY MADISON BLVD RIVERSIDE RESEARCH INSTITUTE
MCLEAN, VA 22101 330 WEST 42nd STREET

01CY ATTN W. HALL NEW YORK, NY 10036
OiCY ATTN W. FOSTER OICY ATTN VINCE TRAPANI

PACIF:C-SIERRA RESEARCH CORP SCIENCE APPLICATIONS, INC.
'2340 SANTA MONICA BLVD. 1150 PROSPEC" PLAZA
L'S ANGELES, CA 90025 LA JOLLA, .A 92037

Oi:Y ATTN E.C. FIEL0, JR. OICY ATTN LEWIS .. L2ISCN
OCY ATTN DANIEL A. HAMLIN

PENNSYLVANIA STATE UN:VERSITY OCY ATTN E. FR:EMAN
*IONCSPHERE RESEARCH LA3 OICY ATTN E.A. STRAKER
31 ELECTRICAL ENG:NEER:NG EAST 3,CY ATTN CURTIS A. SMITH
UN:1ERSITY PARK, PA * ao2

'NO CLASS TO TH!S ADDRESS) SCIENCE APPLICATIONS, INC
:!IY ATTN roNOSiE.R:Z RESEARCH LAB 7 1. CODR::GE DR.

MCLEAN, VA 22112
THCT3METRICS. :NC. 3Y J. OCKAYNE

-ARRCW DRi - .

4CBURN, MA )301
0 ATTN T-IRNG . KZFSKY

PHYSICAL DYNAMICS, :NC.

P.O. BOX 3327

BELLEVUE, WA 98009
I3'Y ATT!I E.J. .REMU'i

2- .4
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SRI INTERNATIONAL
333 RAVENSWOOD AVENUE
MENLO PARK, CA 94025

0ICY ATTN J. CASPER a.

0ICY ATTN DONALD NEILSON
OCY ATTN ALAN BURNS
OICY ATTN G. SMITH
OCY ATTN R. TSUNODA
01CY ATTN DAVID A. JOHNSON
01CY ATTN WALTER G. CHESNUT
01CY ATTN CHARLES L. RIND ,.
01CY ATTN WALTER JAYE
01CY ATTN J. VICKREY
01CY ATTN RAY L. LEADABRAND
01CY ATTN G. CARPENTER
01CY ATTN G. PRICE
OCY ATTN R. LIVINGSTON
OCY ATTN V. GONZALES
OCY ATTN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE

BEDFORD, MA 01730
OC! ATTN W.P. BOQUIST

TRW DEFENSE & SPACE SYS GROUP
ONE SPACE PARK
REDONDO BEACH, CA 90278
OCY ATTN R. K. PLEBUCH
OICY ATTU S. ALTSCHULER
OICY ATTN D. DEE
O1CY ATTN D/ STOCKWELL

SNTF/1375

JISZDYNE
SOUTH BEDFORD STREET
BURLINGTON, HA 01803

O :Y ATTN W. REIOY
O1CY ATTN .1 CARPENTER
311:Y ATTN C. HUMPHR7

UN:IERSI7Y OF PITTSBURGH
? 3TTSBURGH, ?A 52"3

:,f ATTN: N. ZAUSK'

DIRECTOR OF RESEARCH
U. S. NAVAL ACADEMY
ANNAPOLIS. MD 21402

02CY

CODE 1220
olcy
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